1 Abstract-This paper proposes a novel control strategy for grid connected current source inverter (CSI) without using a phase locked loop (PLL). The proposed finite set model predictive direct power control (FS-MPDPC) is based on direct power control (DPC) and model predictive control (MPC), and it is introduced for the first time for CSIs. The FS-PDPC controls separately the active and reactive power, using an appropriate discrete-time prediction model to predict the future behaviour of the powers to be injected into the grid, and a cost function for the selection of the optimal control signals to be applied on the switches of the power converter. The proposed control technique is simulated in Matlab/simulink® software.
I. INTRODUCTION
Renewable energy resources are environmentally clean, free, and abundant in the nature. These power sources are heavily dependent on power electronics for conversion and control [1] .
Usually Voltage source inverters (VSIs) are used to interface DC sources with utility grid. However, recently, CSIs are seen as matter of great importance, due the features they offer, such like reliability, ruggedness, inherent short circuit protection, low harmonic distortion. But the primary advantage of CSIs as compared to VSIs is that CSIs are capable to transfer power from a low DC voltage to a higher AC voltage level in single stage with no need for a cascaded boost converter of a step up transformer. Thus, AC voltages required in certain applications can be obtained from a low voltage source. Also this makes CSI suitable to interface renewable distributed generation (DG) sources or DC microgrids with AC grids for power injection [1] .
Recently a new control strategy has appeared in the field of control of power converters, named finite-set model predictive control (FS-MPC). It is a promising advanced control method that explicitly uses the system's model to predict its future changes. The basic idea of MPC is the Manuscript received 5 April, 2017; accepted 11 August, 2017. determination of the required control signals in advance [2] .
Recent research works on grid connected CSI have focused on control strategies, new modified CSI topologies, improved modulation techniques, grid faults mitigation, resonance damping methods, and other. In [3] a CSI based static compensator (STATCOM) has been proposed using a new modelling method for the design of a state decoupled feed-back controller. Authors in [4] propose a decoupled active and reactive power control strategy for grid connected by acting on the modulation index and the angle of the pulse width modulator. In [5] a virtual flux based DPC for CSI is proposed for a grid connected wind application using a lookup table for the selection of the optimal current vector. In [6] - [8] the control of the powers is performed indirectly using two PI regulators to generate grid reference currents or modulation indexes of the PWM in the synchronously rotating frame (dq). In [9] - [11] New PWM techniques and switching patterns have been proposed to improve the power quality and reduce the switching frequency. Authors in [12] - [13] deal with grid faults and instabilities for grid connected CSIs. [14] proposes a power synchronization method without using PLL for grid tied CSIs. This paper contributes by proposing an FS-MPDPC applied to grid connected CSI. In the literature, this method has been only applied for grid connected VSI, and power factor correctors based on PWM rectifiers. In this work the active and the reactive powers are predicted for the next sampling period, using a discrete prediction model which is constructed by predicting both the grid currents and voltages, then a cost function is introduced to find the best switching combination of the power switches to reach the desired references, also in this work a sequential minimal optimization (SMO) is designed in order to reduce the system's cost and complexity.
In addition to the introduction, this paper contains five other sections, in section II the topology and the model of the CSI are discussed, Section III presents the design of the proposed SMO. In section IV the proposed FS-MPDPC is presented, where the prediction model is mathematically derived using the system state space model, and the cost function is introduced for the selection of the command. Simulation results and discussions are presented in section V. Finally, Section VI concludes this work. At any given time, the CSI must have at least one of the upper switches and one of the lower switches conducting simultaneously to ensure a current path for the DC source.
In addition, only one of the upper and lower devices can conduct at a time to ensure the output current waveform. These restrictions can be summarized as follows 1 3 5 2 4 6 1.
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The output currents can be defined according to the switching signals and the dc-current Idc by:
The coordinate transformation from (a -b -c) to (α -β) is obtained using Clark's transformation matrix given by
And the space vector is obtained as
where u is generic variable, and um is its magnitude. The valid switching states with corresponding phase current, and current vectors are presented in Table. I Using the space vector representation, the grid connected CSI can be modelled by these equations:
,
where io is the CSI output current vector (Fig. 3) , ig is the grid current vector, Vc is capacitor filter voltage vector, Rf and Lf are the resistance and the inductance of the inductor, And C is the capacitance of the capacitor filter. 
III. SEQUENTIAL MINIMAL OPTIMIZATION (SMO)
State observers are used for both technical and economic reasons, by reducing the system's cost and complexity, and avoiding the noise of the sensors.
Unlike other state observers, in SMOs, instead of feeding back the output error between the observer and the system linearly, the output error is fed back via a discontinuous switched signal.
From (7) and (8) the mathematical model of the system can be defined as:
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By means of the above mentioned system model, and using the sliding mode theory, the proposed SMO can be modelled as follows:
where (^) denotes an estimated value.
The sliding surface (S) is constructed using the error between the measured and the estimated grid current ( )
In this SMO a saturation function is used instead of the sign function to reduce the undesirable problem of chattering, the applied saturation function is defined below
where ∆ is a tuning parameter.
IV. P-DPC FOR GRID CONNECTED CSI
Predictive control methods present many advantages that make them suitable for the control of power converters. The concepts are intuitive and easy to understand; it can also be applied to a variety of systems; constraints and nonlinearities can be easily included, and the resulting controller is easy to implement. Generally, the quality of the controller depends on the quality of the model [2] .
A. Prediction Model
In this structure, the grid currents and voltages are measured, and the capacitor filter voltages are estimated using the SMO. These measures are necessary to predict the behaviour of the controlled variables, which are the active and the reactive power.
The instantaneous active and reactive power of the grid are expressed in terms of the grid currents and voltages, in the stationary frame by:
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Thus, the predicted powers can be written as follows:
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For the prediction model an approximation in the discretetime is considered, such as for a generic variable x [2] ( 1) ( ) .
By application of the approximation in (18) into equation (7) and (8), and after a mathematical analysis the nine possible output current predictions can be obtained from the above mentioned equations, as follows
The grid voltage predictions are given by ( 1) ,
where ∆θ = ω.Ts.
B. Cost Function
The nine predicted active and reactive power are compared with their references using a cost function g given by
where i denotes the index of the inverter current vector used in the predictions. Finally, the current vector that minimizes this cost function is chosen and applied to the inverter in the next sampling period. The control algorithm of FS-MPDPC is shown in Fig. 3 . 
V. SIMULATION RESULTS AND DISCUSSION
In order to evaluate the performance of the proposed FS-MPDPC with the SMO, the set-up of Fig. 4 has been simulated in MATLAB/Simulink® environment, using the parameter values listed in Table II . Different scenarios for active and reactive references has been simulated, such as from 0 to 0.2 s and from 0.7 s to 1 s only active power is injected to the grid, from 0.3 s to 0.6 s only reactive power is injected to the grid, and both powers are injected to the grid in the rest of simulation time. Figure 5 (a) and Fig. 5(b) show the transient response for active and reactive powers respectively. It can be seen that they follow their references rapidly, with low ripple, and without overshoot during sudden reference changes.
FS-MPDPC
Figure 5(c) shows the three phase currents injected to the grid. It is remarkable that the currents are practically sinusoidal with low harmonic distortion. This can be confirmed in Fig. 5(d) which shows the spectrum of the grid current, where the Total harmonic distortion (THD) was about 2.32 % which agrees with IEEE standards. Fig. 5(a) ) was performed during active power injection. It is obvious that the current and the voltage are in phase. In Fig. 5 (b) the current and the voltage are not in phase, because of the reactive power injection. In the third zoom the phase between the current and the voltage is π/2 which means that only reactive power is injected into the grid. 
VI. CONCLUSIONS
A new control strategy for grid connected CSI has been proposed based on DPC and MPC called FS-MPDPC. This strategy offers simplicity, decoupled control for active and reactive powers, fast response, and good output currents with low harmonic distortion. Furthermore, as compared with other control techniques in the same field the suggested technique is PLL-less.
The FS-MPDPC is based on the prediction of the future changes in active and reactive powers using a discrete time prediction model, these predictions are then evaluated by the means of a cost function which generates the control signals.
The obtained simulation results demonstrate the good performance of the proposed method. Where the grid's active and reactive powers are controlled separately with fast response, low ripple, small overshoot, and good current waveforms. It was presented also the performance of the SMO which has succeeded in estimating the filter voltages with practically negligible error.
